Abstract. Estimating scales of dispersal for benthic macroinvertebrates using neutral genetic markers requires consideration of genetic, demographic, and historical influences on population genetic structure. We used allozyme electrophoresis to investigate the population genetic structure of 3 species of alpine stream insects among major drainages of the Swiss Alps (Rhine, Inn, and Ticino rivers), among streams within each drainage, and within single streams. Within streams we examined reaches that were fragmented by lakes or resevoirs and unfragmented reaches. Rhithrogena loyolaea (Heptageniidae) exhibited little genetic differentiation () within ( ϭ 0.01-0.03) and among ( ϭ 0.02-0.03) streams but significant differentiation among drainages ( ϭ 0.08), suggesting that dispersal occurs among stream fragments and among stream valleys. Allogamus auricollis (Limnephilidae) did not exhibit genetic differentiation at any scale, suggesting that dispersal occurs throughout the geographical range of the study. In contrast, Baetis alpinus (Baetidae) showed moderate to substantial differentiation both within ( ϭ 0.08-0.39) and among ( ϭ 0.06-0.09) streams. However, a distinct lack of genetic differentiation for B. alpinus among major drainages of the Alps ( ϭ 0.01) suggests that low values reflect historical rather than present-day levels of gene flow. We suggest that genetic population structure reflects a lack of equilibrium between gene flow and genetic drift, resulting from historical gene flow that continues to mask reduced dispersal and from recurring processes of recruitment that lead to random changes in genetic signatures. We conclude that demographic processes affect small-scale patterns and historical processes affect large-scale patterns. The simultaneous study of multiple spatial scales helps determine the relative importance of each. A synthesis of our results and data from published studies indicated that 4 consistent patterns of genetic differentiation emerged when multiple spatial scales were investigated. These patterns are indicative of taxon-specific dispersal ability within and among streams and whether taxa are in gene flow-genetic drift equilibrium.
Dispersal can be an important factor maintaining populations of species in fragmented habitats. Dispersal can counteract local extinction directly via immigration (Stacey and Taper 1992) and can ensure population persistence at larger spatial scales by maintaining a metapopulation structure (Hanski 1998) . Dispersal among habitat fragments also may provide sufficient gene flow to maintain the genetic diversity within fragments, thereby indirectly reducing the probability of local extinction (Saccheri et al. 1998) . Dispersal of organisms among habitat fragments often is studied using population genetics, where levels of gene flow are inferred from the spatial distribution of neutral alleles (Slatkin 1985) . Such an approach can circumvent some of the practical difficulties involved with directly measuring the dispersal of organisms. Population genetic techniques also directly es-1 E-mail address: monaghan@eawag.ch timate genetic diversity, which can be reduced as a consequence of habitat fragmentation (e.g., Morden and Loeffler 1999) . On the other hand, genetic structure can be influenced by historical and demographic processes. These processes can confound patterns interpreted as presentday levels of gene flow because they may result in nonequilibrium between genetic drift (random loss of alleles within a population) and gene flow (movement of alleles among populations).
Historical and demographic processes likely affect population genetic signatures at large and small scales, respectively. For some species, Pleistocene climate changes have resulted in large-scale habitat changes such that populations have become increasingly fragmented. Large-scale population genetic signatures may continue to reflect the older, more continuous habitat distribution, whereas small-scale population genetic structure may better reflect pre-GENETIC STRUCTURE IN FRAGMENTED STREAMS sent-day levels of gene flow (Barber 1999) . Different patterns at different spatial scales can result from the fact that equilibrium between genetic drift and gene flow is more rapidly reached at smaller than larger spatial scales (Hellberg 1994) . On the other hand, rapid population turnover within and between generations can lead to temporal variation in genetic signatures at small spatial scales (e.g., Piertney and Carvalho 1995) . These rapid, small-scale changes in genetic structure may confound large-scale estimates of gene flow because of the resulting nonequilibrium at small scales (Wade and McCauley 1988) .
Stream benthic macroinvertebrates face habitat fragmentation at a variety of spatial scales, and so understanding the spatial scale of dispersal and the processes that may affect population genetic signatures at different spatial scales are important for predicting potential consequences of habitat fragmentation. River systems often traverse several biomes, effectively isolating their headwaters by biogeographic barriers downstream (Minshall 1988) . At smaller spatial scales, rapid changes in longitudinal habitat characteristics may isolate species locally (Ward 1994 ) and drainage divides may limit dispersal among streams. Within individual streams, lakes and reservoirs create discrete flowing reaches separated by unsuitable habitat for many stream macroinvertebrates.
Evidence from genetic studies of stream benthic macroinvertebrates suggests that both historical and demographic processes may influence their population genetic signature. In an earlier study of the mayfly, Baetis alpinus Pictet (Baetidae), we found that populations were genetically differentiated among habitat fragments in alpine streams and concluded that dispersal over lakes was limited (Monaghan et al. 2001) . Genetic differentiation was unrelated to lake size, but occurred only if lakes were situated in valleys that were ice-free throughout the Holocene. We concluded that the low levels of genetic differentiation observed between fragments separated by reservoirs (100 y old) and more recently formed lakes (100s-1000s y old) did not indicate high levels of gene flow but rather indicated that nonequilibrium between genetic drift and gene flow has prevented genetic differentiation since fragmentation. With regard to demographic processes that may affect population genetic signatures, many studies of stream macroinvertebrates have observed pronounced levels of reduced heterozygosity (inbreeding) and attribute this finding to oviposition by a few females (Schmidt et al. 1995, Bunn and Hughes 1997) . Such recurring demographic processes may confound large-scale genetic structure because of rapid fluctuations in the spatial distribution of alleles at small scales.
The aim of our study was to investigate how habitat fragmentation at multiple spatial scales affected 3 species of stream insects. We examined larval population genetic structure of B. alpinus, Rhithrogena loyolaea Navàs (Heptageniidae), and Allogamus auricollis Pictet (Limnephilidae) using allozyme electrophoresis. We estimated levels of gene flow at multiple spatial scales: among major drainages of the Swiss Alps, among streams, and within streams. Our 1st objective was to examine whether habitat fragmentation within streams had similar effects on genetic diversity and gene flow of R. loyolaea and A. auricollis as was previously observed for B. alpinus (Monaghan et al. 2001) . Our 2nd objective was to determine explicit scales of dispersal by examining whether or not genetic patterns were consistent across multiple spatial scales. We hypothesized that a lack of consistency among scales indicates that different processes affect patterns at different scales.
Methods

Study sites
The study was conducted in 3 major drainages in the Swiss Alps, constituting the headwaters of the Rhine, Inn, and Ticino rivers (Fig.  1) . Within each major drainage we sampled either 3 or 4 streams and within each stream we sampled either 2 or 3 sites (Table 1) , resulting in a total of 25 sampling sites. At the withinstream scale, we sampled 2 types of streams in each major drainage: those that contained potential dispersal barriers (a lake or reservoir) and those that did not (unfragmented). Upstream sampling sites were numbered 1 and downstream sites 2 (Fig. 1) for purposes of data presentation. Sites located between lakes were called site 2 of the upper lake. For example, Upper Jö ri-2 was the lower site of Upper Jö ri lake and was the upper site of Lower Jö ri lake ( FIG. 1. The 11 study streams in the Swiss Alps (top) and schematic representations of sampling sites within each stream (bottom). Streams on the map are designated as: 1-Schwellisee, 2-Upper/Lower Jö ri, 3-Marmorera, 4-Arosa, 5-Minor, 6-Livigno, 7-Upper/Lower Julierpass, 8-Bianco, 9-Cadagno/Ritom, 10-Muesa, 11-Ticino River. Ovals in the schematics represent lake or reservoir habitat and numbers indicate sampling sites along the stream. Distance between sampling sites in a stream ranged from 280 m to 10 km (see Table 1 ).
above 1900 m (Table 1) . Sites within streams were 280 m to 10 km apart. The change in elevation within streams ranged from 4 to 250 m (Table 1) .
Study animals
Baetis alpinus is a widespread and abundant alpine species (Humpesch 1979, Breitenmoser-Wü rsten and Sartori 1995) . Larvae are eurythermal and occur between 200 and 2600 m in elevation (Sartori and Landolt 1999) . The B. alpinus life cycle is plastic, ranging from bivoltine to semivoltine depending upon elevation (Humpesch 1979 , Lavandier 1988 . Adults exhibit pronounced upstream flight bias (Thomas 1975 , Lavandier 1982 and our previous finding indicated dispersal was limited within fragmented streams. Rhithrogena loyolaea also is widespread but occurs within a more limited elevation range of 1300 to 2600 m (Sartori and Landolt 1999) . Larvae are cold stenotherms (Vincon and Thomas 1987) with semivoltine (2-3 y) development (Lavandier 1981 , Olechowska 1981 . Its flight behavior is not as well studied as B. alpinus, although Thomas (1975) observed upstream bias and considerable altitude gains over B. alpinus, suggesting it may be a stronger flier. Lavandier (1981) also documented upstream flight bias but gave no estimates of distance. Allogamus auricollis is locally very abundant and is univoltine (Waringer 1986 , Graf et al. 1993 
Data analysis
Mean number of alleles per locus (A) and expected Hardy-Weinberg heterozygosity (HW exp ) were calculated for each locus at each sampling location using BIOSYS-1 (Swofford and Selander 1981) . A and HW exp were compared between fragmented and unfragmented sites using AN-OVA blocked by locus. A and HW exp for genetically differentiated and undifferentiated streams were compared in the same way when within-stream genetic differentiation was moderate or greater ( Ͼ 0.05, see below). Deviations from HW equilibrium were examined by cal-TABLE 2. Locus name, enzyme system (including peptidase substrate), International Enzyme Commission (E.C.) number, running buffer, and number of alleles scored for each locus. Buffer systems are those indicated by Richardson et al. (1986) . Blanks indicate that the respective locus was not resolved successfully for the species.
Locus
Enzyme E.C. number Buffer
No. of alleles
Rhithrogena loyolaea
Allogamus auricollis
Baetis alpinus
Guanine deaminase Mannose-phosphate isomerase Peptidase (valine-leucine) Peptidase (leucine-glycine-glycine) Peptidase ( culating the inbreeding coefficient (f) and testing for significance using GENEPOP version 3.1d (M. Raymond and F. Rousset, Université de Montpellier II, Montpellier, France). Significant (Bonferroni-corrected) positive values of f indicate heterozygote deficiency and significant negative values indicate heterozygote excess. Linkage disequilibrium also was assessed using GENEPOP.
Genetic differentiation of populations was determined by estimating , a measure of the relative fixation of alternate alleles in different subpopulations (Weir and Cockerham 1984) . Values of , 95% confidence intervals, and significant difference from 0 were examined using FSTAT version 2.9.1 (J. Goudet, Université de Lausanne, Switzerland). The option that compares genotype frequencies rather than allele frequencies was used because of significant deviation from HW equilibrium (see Results). When was significant, the degree of genetic differentiation was assessed using the ranges specified by Hartl and Clark (1997) , where Ͻ 0.05 indicates little differentiation, 0.05 to 0.15 indicates moderate differentiation, 0.15 to 0.25 indicates great differentiation, and Ͼ0.25 indicates very great differentiation. Levels of genetic differentiation were assessed at 3 levels of spatial hierarchy: 1) among the 3 major drainages (Rhine, Inn, and Ticino headwater populations), 2) among streams within each major drainage, and 3) within streams. At the within-stream scale, 7 streams contained potential dispersal barriers and 4 streams did not. When populations were genetically differentiated within streams (e.g., B. alpinus data from Monaghan et al. 2001) , we calculated among streams and among drainages once for all populations and once using only those populations from streams that were not genetically differentiated. Thus, it was possible to examine whether small-scale differentiation affected large-scale patterns.
Results
Genetic diversity in fragmented and unfragmented streams
Allele frequencies and locus n-sizes are reported in Appendices 1 to 3. Mean number of alleles per locus, A, was not significantly different between fragmented and unfragmented sample locations for either R. loyolaea (F 1,52 ϭ 0.18, p ϭ 0.68) or A. auricollis (F 1,33 ϭ 0.20, p ϭ 0.66), as was the case for B. alpinus (F 1,135 ϭ 1.03, p ϭ 0.31) reported previously ( Fig. 2A) . The same was true for mean HW exp ( Fig. 2B ; statistics not reported). For B. alpinus, neither A nor HW exp was significantly different between sites in genetically differentiated and undifferentiated streams (F 1,136 ϭ 2.28, p ϭ 0.13). The inbreeding coefficient, f, was significantly Ͼ0 for R. loyolaea in 4 of 60 instances (ϳ7%; Table 3 ). For A. auricollis, a significant f was observed in 3 of 36 instances (ϳ8%; Table 4 ). These values were in contrast to the large number of significant deviations for B. alpinus (28%; Monaghan et al. 2001) Estimates of genetic differentiation () jackknifed across loci within and among each of the 3 major drainages (Rhine, Inn, and Ticino rivers). For Baetis alpinus, values are presented for all streams and separately for only the undifferentiated streams. Only 1 stream (Moesa) in the Ticino drainage was undifferentiated, so an among-stream could not be calculated. Rhithrogena loyolaea was not genetically differentiated in any streams and so only a single analysis was performed. Allogamus auricollis was sampled from a single stream in each major drainage so only an among-stream analysis was performed. * ϭ p Ͻ 0.05, ** ϭ p Ͻ 0.01, *** ϭ p Ͻ 1. -ϭ no analysis was performed. 
Genetic differentiation, , at multiple spatial scales
Values of for R. loyolaea were significant within and among drainages (Table 5) . among major drainages of the Alps was much more pronounced ( ϭ 0.080) than among streams within any drainage ( ϭ 0.026-0.032; Table 5 ). Within streams, was significant across Upper Jö ri Lake but indicated little differentiation ( ϭ 0.030; Fig. 3 ). No genetic differentiation of R. loyolaea was observed within any of the other streams, including those where relatively large differentiation occurred for B. alpinus (Fig. 3) .
for A. auricollis was significant among major drainages but indicated little differentiation (Table 5). for A. auricollis was significant across the reservoir Livigno, but also low ( ϭ 0.023);
was not significant across Marmorera or along the unfragmented Ticino River (Fig. 3) . The lack of even moderate differentiation at the reservoir sites was similar to that observed for B. alpinus (Fig. 3) .
Values of for B. alpinus were significant within and among drainages when all streams were included in the analysis and when only genetically undifferentiated streams were included (Table 5) . Considering all streams together, differentiation within drainages ( ϭ 0.064-0.089) was much higher than among drainages ( ϭ 0.010). Considering only undifferentiated streams (i.e., with values of Ͻ 0.05, FIG. 3 . Genetic differentiation () within fragmented (lake or reservoir) and unfragmented streams for each species. Asterisks indicate significant differences from 0 (* ϭ p Ͻ 0.05, ** ϭ p Ͻ 0.01, *** ϭ p Ͻ 0.001). The dotted line represents levels above which moderate differentiation occurs (Hartl and Clark 1997) . Fig. 3 ), among-stream values were lower than those computed using all streams together. Nonetheless, remained at levels indicative of moderate differentiation. The pattern of greater differentiation within drainages than among drainages was opposite to the pattern observed for R. loyolaea.
Multiscale patterns of are presented graphically for simultaneous comparison of species and spatial scales (Fig. 4) . Rhithrogena loyolaea genetic population structure was most pronounced at the largest spatial scale, indicating populations were structured primarily among drainages. Allogamus auricollis exhibited very little structure at the scales of the present study, with only a slight increase in moving up 2 steps in the spatial hierarchy (Fig. 4) . Considering B. alpinus populations undifferentiated within streams (Fig. 4) , genetic population structure appeared most pronounced among streams, with lower values of at both smaller and larger spatial scales. Considering populations with high levels of within-stream differentiation, genetic structure of B. alpinus often was most pronounced within streams, with subsequent reduction in moving to larger (among streams) and larger (among drainages) scales (Fig. 4) .
Discussion
Genetic diversity in fragmented streams
Results for all 3 species suggest that genetic diversity was not reduced by the fragmentation of lotic habitat by lentic water bodies. We observed no difference between fragmented and unfragmented populations using 2 informative estimates of genetic diversity (A and HW exp ). In addition, we observed no difference in genetic diversity when populations of B. alpinus from genetically differentiated streams ( Ͼ 0.05) were compared with undifferentiated streams. These results contrast with expectations from empirical and theoretical work in fragmented populations, which have often found that genetic diversity is reduced (Lacy 1987 , van Dongen et al. 1998 , Morden and Loeffler 1999 . The maintenance of genetic diversity implies population sizes may be large enough in fragments so that the loss of alleles by genetic drift is minimal, or gene flow among subpopulations sustains genetic diversity (Slatkin 1985) .
Gene flow estimates at multiple spatial scales
Multilocus estimates of were distinctly different among species and varied within species depending on the spatial scale considered. We observed little or no genetic differentiation in R. loyolaea except among the major drainages of the study, suggesting that at least a moderate level of dispersal occurs within and among streams. The multiscale pattern of (Fig. 4) presumably typifies species with a relatively large-scale population structure, an equilibrium between genetic drift and gene flow, and a decreased relatedness with increasing geographic distance (Slatkin 1993 ). One conclusion is that failure to observe even moderate genetic differentiation across any lakes, including those where B. alpinus was differentiated, results from gene flow among habitat fragments. Thomas (1975) observed R. loyolaea flying upstream and gaining twice as much elevation as B. alpinus, suggesting they are stronger flyers and capable of traveling considerable distances as adults. Flecker and Allan (1988) observed a congener, R. hageni, to fly randomly, including away from the stream, suggesting Rhithrogena may be capable of crossing areas of unsuitable habitat and may not be confined to following the drainage pattern.
The low level of differentiation in B. alpinus among the 3 major drainages was surprising, based on our previous conclusion that gene flow was limited over lentic water bodies ϳ300 to 1000 m across (Monaghan et al. 2001 ). The homogeneity among major drainages also seems contradictory to among-stream values in the present study. These values suggest limited dispersal of B. alpinus among different valleys. Small-scale differentiation and large-scale homogeneity is evidence that a species has not yet reached equilibrium between genetic drift and gene flow (Hellberg 1994) . We suggest 2 possible mechanisms responsible for the genetic population structure of B. alpinus. Either, or both, could account for the lack of equilibrium between gene flow and genetic drift (as indicated by different estimates of at different spatial scales), and for the lack of HW equilibrium in populations. One mechanism concerns heterozygote deficiency as evidence for recurring changes in small-scale population structure in the midst of large-scale equilibrium. The other mechanism concerns consistent small-scale patterns of as evidence for limited present-day dispersal in the midst of large-scale patterns that continue to reflect historical patterns of gene flow.
Recurring small-scale changes in genetic structure. We observed a large number of heterozygote deficiencies for B. alpinus and frequency appeared unrelated to habitat fragmentation, longitudinal position in the stream, or geographical location in the study. Heterozygote deficiency may result from nonrandom mating, the presence of null alleles, misscoring of gels, or the presence of multiple species. We observed no null homozygotes in an analysis of Ͼ1000 individuals and, although misscoring of gels can never be ruled out, it was an unlikely source of error because of consistent HW equilibrium observed at the same loci for the 2 other species. It is unlikely that multiple species of Baetis were analyzed at any sampling site because of good larval taxonomic descriptions (see Sartori and Landolt 1999) , the lack of linkage disequilibrium, and a preliminary examination of DNA fragment-length polymorphism for the same individuals (MTM, unpublished data).
Heterozygote deficiency has been observed in several studies of aquatic insects, often at levels similar to what we observed for B. alpinus (28% of possible instances). Schmidt et al. (1995) reported 25% for Baetis sp., Wishart and Hughes (2001) reported 30% for Elporia barnardi (Blephariceridae), and Hughes et al. (1998) reported 23% for Tasiagma ciliata (Trichoptera). Schmidt et al. (1995) proposed and Bunn and Hughes (1997) extended an explanatory mechanism, suggesting that reduced direct-count heterozygosity results from larval populations at any given location being the result of only a few ovipositing females. If B. alpinus populations are the result of a small number of matings, then allele frequencies at any given sample site could fluctuate randomly from one generation to the next. If genetic homogeneity at large scales results from contemporary wide-ranging dispersal ability, then ovipositing females constitute a small but random sample of females drawn from a very large gene pool, allowing genetic differentiation at local scales to arise by chance. Such a mechanism suggests equilibrium has been reached at the scale of the Alps but that random sampling of alleles (bottlenecking) occurring each generation results in changes in allele frequencies too rapid for equilibrium to be reached within streams.
One limitation of this mechanism is that it seems unable to account for the consistent pattern of differentiation among streams for B. alpinus, regardless of whether we considered all streams or only undifferentiated streams. In addition, we observed a lack of HW equilibrium at all but 2 sampling sites for B. alpinus, but genetic differentiation was consistently observed only in fragmented streams and only in those streams where fragmentation was comparatively old (Monaghan et al. 2001) .
Present-day and historical gene flow. A 2nd possible mechanism is that small-scale population differentiation reflects present-day levels of gene flow and large-scale homogeneity reflects historical processes and a slow rate of approach to equilibrium between genetic drift and gene flow for B. alpinus. Major glacial advances (occurring twice in the last 200,000 y) forced populations downward in river drainages and likely mixed headwater populations below major confluences. During and after glacial retreat, populations dispersed into headwaters and slowly began to diverge genetically because of the tight coupling of downstream drift and upstream flight (Lavandier 1982) . Populations have genetically diverged within streams in drainages fragmented by lakes formed during and soon after glacial retreat (Monaghan et al. 2001 ). The overall distribution of alleles among the headwaters of the Alps remains similar to its historical configuration, however, because of the slow rate of approach to equilibrium between gene flow and genetic drift at this largest scale.
Although neither mechanism can be explicitly ruled out with our data set, we can propose testable hypotheses based on each. Recurring bottlenecks should mean that allele frequencies at any given site change randomly from one generation to the next in a manner similar to a metapopulation (Piertney and Carvalho 1995) . If the lack of HW equilibrium results from populations being founded by only a few ovipositing females, then these populations should contain relatively few mtDNA haplotypes. Such a test would require comparison with another species whose populations are in HW equilibrium, presumably because populations are founded by many more females. On the other hand, equilibrium between gene flow and genetic drift should be achieved more rapidly with faster evolving molecular markers (e.g., mtDNA; Brown et al. 1982) , thus allowing one to distinguish between historical and present-day gene flow. 
Allogamus auricollis and lack of genetic differentiation over reservoirs
As with B. alpinus, we observed little or no genetic differentiation of A. auricollis over the reservoirs Livigno and Marmorera. There also was little or no subpopulation structure even among major drainages. Limnephilidae typically are strong flyers (Svensson 1974 ) and dispersal among major drainages suggests that A. auricollis is able to cross reservoirs. However, the conclusion that gene flow continues over reservoirs can only be tentative because of uncertainty as to how rapidly genetic markers can detect recent fragmentation. Sweeney et al. (1986) observed no genetic differentiation between populations of mayflies (Ephemerella subvaria and Eurylophella verisimilis) above and below reservoirs of the Delaware River, USA, and Stiven and Kreiser (1994) observed no differentiation of stream-dwelling gastropod (Goniobasis proxima) populations separated by a reservoir. Thus, to our knowledge, researchers have never observed genetic isolation of benthic invertebrates, using allozymes, across reservoirs up to 10 km long.
Dispersal modes and genetic population structure of stream insects
Using our data and other studies of stream insect population genetic structure, we present a synthesis of observed relationships between genetic population structure and dispersal modes. We examined studies that investigated at least 2 spatial scales and we consider those taxa that have a wide enough geographical distribution such that among drainages can be calculated. Figure 5 depicts 4 different relationships between and spatial scale for stream macroinvertebrates taken from the published literature. Note that the x-axis depicts increasing spatial scales used in our study rather than linear distance as would occur in a strict isolationby-distance (IBD) model (Slatkin 1993) . The names of the 4 different curves are defined by the spatial scale at which dispersal becomes limited and by the presence or absence of gene flow-genetic drift equilibrium. In general, increasing from left to right in Fig. 5 should indicate species in equilibrium between genetic drift and gene flow. The rate of increase in depends on whether or not species disperse readily among streams and drainages. A decrease from left to right or a hump-shaped distribution should indicate species that are not in equilibrium. This pattern may be the result of local dynamics that recurringly alter allele frequencies, or may be the result of historical levels of gene flow confounding present-day population genetic signatures.
Progressively increasing subpopulation dif-GENETIC STRUCTURE IN FRAGMENTED STREAMS ferentiation (drainage equilibrium, Fig. 5 ) indicates a relatively widespread species with gene flow occurring within and among streams (i.e., gene flow becomes limited only among drainages) and large-scale equilibrium between genetic drift and gene flow (Slatkin 1993) . Such species are likely to exhibit an IBD pattern, and include R. loyolaea in our study and the caddisfly Helicopsyche borealis studied by Jackson and Resh (1992) . We note, however, that strong relationships of IBD could result even in the absence of gene flow at smaller spatial scales if recent population differentiation (for example by habitat fragmentation)
is not yet manifest in population genetic signatures (e.g., Barber 1999) .
Stream equilibrium (Fig. 5) includes species that experience gene flow primarily within streams or among reaches of streams, thereby having a more rapid increase in as one moves to larger spatial scales. A clear example of such a species is the waterstrider Aquarius remigis investigated by Preziosi and Fairbairn (1992) . They observed orders of magnitude increase in from within to among streams. The atyid shrimp Paratya australiensis also exhibited an order of magnitude increase in from within to among streams Hughes 1997) . Paratya australiensis does not fly and A. remigis dispersal by flight is very rare (Preziosi and Fairbairn 1992) . We suggest that most taxa with limited dispersal abilities would fall into this category. Taxa with very high instream dispersal ability but limited dispersal among streams should display a similar pattern, but with the curve shifted downward.
Several taxa exhibit patterns of reduced differentiation at progressively larger spatial scales (reach nonequilibrium, Fig. 5 ). These patterns indicate large-scale structure is relatively homogeneous but that small-scale (within-stream) structuring exists, thus implying that smallscale structuring forces are more evolutionarily recent events (Hellberg 1994) . The populations of B. alpinus that were genetically differentiated within streams in our study exhibited such a pattern, as did the caddisfly T. ciliata (Hughes et al. 1998) . Species that undergo the process of repeated bottlenecks (e.g., oviposition by only a few females) should match this distribution because such a process constitutes small-scale substructuring of each generation.
Last, some taxa may structure genetically at intermediate spatial scales, with highest found among streams. Such a curve (stream nonequilibrium) was the case for B. alpinus in unfragmented streams in the present study. This pattern may be predominant in species that are widespread biogeographically and have colonized areas in evolutionarily recent times from large source populations (e.g., mountain ranges following Pleistocene glaciation), but that maintain relatively low levels of gene flow among streams. Of note, the stonefly Yoroperla brevis examined by Hughes et al. (1999) may exhibit a pattern of stream equilibrium (shifted downward as described earlier) or stream nonequilibrium, depending on its genetic structure at the largest spatial scale.
In conclusion, we observed no reduction in genetic diversity in fragmented streams for any of the 3 species. Populations in fragments may remain large enough that no loss of alleles occurs via genetic drift, or levels of gene flow among fragments may remain high enough to counteract the loss of alleles. For R. loyolaea, the consistent pattern of increasing genetic differentiation with increasing spatial scale suggests populations were in equilibrium between genetic drift and gene flow. We conclude R. loyolaea disperses readily both within and among streams, but less so among major drainages. Allogamus auricollis did not exhibit genetic differentiation at any scale, suggesting that dispersal occurs throughout the geographical range of the study. In contrast, homogeneity at large spatial scales and differentiation at small spatial scales suggest a lack of equilibrium for B. alpinus. Consistent differentiation of B. alpinus between older stream fragments (ϳ10,000 y) indicates dispersal is limited among fragments and that largescale structure reflects historical levels of gene flow. Pronounced heterozygote deficiencies suggest structure at small spatial scales reflects genetic bottlenecks during recruitment. Last, limited dispersal among fragments and demographic processes likely affect small-scale patterns, and historical processes likely affect large-scale patterns. The simultaneous study of multiple spatial scales can help us to determine the relative importance of each process.
[ APPENDIX 3. Allele frequencies of the 6 polymorphic loci examined for populations of Baetis alpinus in upstream (1) and downstream (2) study sites. Alleles were scored by their relative mobility, with A being slowest. These data also were used for the analysis by Monaghan et al. (2001) . Locus names as in Table 2 .
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